Abstract Ovarian follicle cells are the site of yolk protein synthesis in the Ezo abalone Haliotis discus hannai. In this study, histological observations of ovarian follicle cells were conducted in H. discus hannai by immunocytochemical and in situ hybridization methods focusing on their function of yolk protein synthesis. An antibody raised against purified yolk protein (vitellin, Vn) recognized yolk granules in oocytes, and ovarian follicle cells adjacent to the oocytes under yolk accumulation were stained positively with both anti-Vn antibody and an antisense probe for vitellogenin (the precursor for vitellin, Vtg) mRNA. These results indicate that the abalone Vtg gene is transcribed and translated in the ovarian follicle cells. In oocytes in the early phase of yolk accumulation, positive reactions with the antibody appeared first in the stalk part, and the follicle cells adjacent to the stalk were also stained positively. These observations imply local transport of yolk protein from the follicle cells to the oocyte through an extracellular space around the oocyte stalk. Ovarian follicle cells changed their morphological characteristics and reactivity to the antibody in close relation to the stages of the adjacent oocyte, which suggests the presence of functional interactions between follicle cells and oocytes in the course of yolk protein synthesis and accumulation.
Introduction
Oocytes of mollusks accumulate yolk protein, vitellin (Vn), during their development. Among mollusks important for fisheries, biochemical analyses of Vn have been conducted in Pacific oyster Crassostrea gigas [1] , Mexican Pacific oyster C. corteziensis [2] , scallop Patinopecten yessoensis [3, 4] , Manila clam Ruditapes philippinarum [5] , softshell clam Mya arenaria [6] , and Ezo abalone Haliotis discus hannai [4] . Purification of Vn revealed it to be a large molecule ranging from 450 to 700 kDa in its native form and composed of several subunits [1, 3, 4] . The Vn is synthesized as a precursor molecule, vitellogenin (Vtg), and processed by proteases into a mature molecule. The Vtg cDNAs have been clarified in C. gigas [7] , P. yessoensis [8] , blue mussel Mytilus edulis [9] , H. discus hannai [10] , and in some other mollusks. The amino acid sequences deduced from the cDNAs share 20-30% similarity with Vtg of fish, nematodes, and crustaceans mainly in their N-terminal sequences [7, 10] . Information on molluscan Vtg and Vn obtained from these studies is useful to monitor ovarian growth of the above mentioned species in the wild and under aquaculture conditions [2, 5, 11] , and to evaluate the effects of environmental pollutants on reproductive activities of marine and freshwater mollusks [5, 12, 13] .
In oysters, scallops, mussels, and abalones, oocytes under yolk accumulation are pear-shaped and attach by their stalks to the basement membrane of a genital tubule in bivalves, and of trabeculae or ovarian cavities in abalone [14, 15] . Ovarian follicle cells are distributed within the germinal epithelium lining the genital tubule or ovarian cavity and are often observed located around the stalk of oocytes [7, 16] . Vn synthesis has previously been supposed to occur in oocytes in C. gigas and P. yessoensis [1, 3] , but analysis of the Vtg gene expression by in situ hybridization has clarified it to occur in the ovarian follicle cells in C. gigas [7] and H. discus hannai [10] , or auxiliary cells (equivalent to the ovarian follicle cells) in P. yessoensis [8] .
The ovarian follicle cells of oysters, scallops, and abalones thus play important roles in the yolk accumulation processes of these species, but histological observations of the follicle cells focusing on their function related to yolk synthesis and accumulation are limited. Changes in the follicle cell morphology and immunoreactivity to the antiVn antibody in relation to oocyte development will provide valuable information to understand processes controlling yolk synthesis and accumulation. The abalone, H. discus hannai, is suitable for histological examination of the Vn synthesis of the ovarian follicle cells since anti-Vn antibody prepared from purified Vn and the cDNA information of the Vtg, which exactly codes the purified Vn, are both available [4, 10] . In addition, abalones produced in hatcheries and reared at 20-22°C become sexually mature at around 18 months after metamorphosis (around 50 mm in shell length), and morphological changes of the ovarian follicles cells are clearly observable in these young abalones [16] .
In this study, immunohistochemical observations of the follicle cells utilizing anti-Vn antibody were conducted in the abalone H. discus hannai. We employed both immunocytochemical and in situ hybridization methods to confirm Vtg gene translation and transcription at the ovarian follicle cells. The processes of yolk synthesis and accumulation were examined by immunocytochemical methods with special emphasis on the relationships between growing oocytes and the associated follicle cells.
Materials and methods

Specimens
Females of H. discus hannai [39-41 mm in shell length (SL)], produced and reared in a hatchery for 18 months after insemination, were used as the materials. The conical appendage of four females, composed of digestive diverticula and gonad, was dissected out and fixed with a mixture of saturated mercury chloride and neutral formalin (7:3) for 1 day at 4°C. In addition, the conical appendage of a large female (95 mm in SL) captured from the wild and reared to full maturity in the hatchery was also fixed in the same way. The fixed tissues were rinsed in 70% ethanol, dehydrated, and embedded in paraffin. Horizontal sections were prepared at 3 lm thickness and used for immunohistochemical staining, in situ hybridization, and Mayer's hematoxylin and eosin staining. Stages of oocyte development were classified according to the description reported by Tomita [15] .
Production of anti-Vn antibody
An anti-Vn antibody used in this study was the one previously produced by one of the authors [4] . Methods for the antibody production are as follows. Abalone Vn was purified from the ovaries using a combination of column chromatography on hydroxylapatite (fast flow type, Nakarai tesque, Kyoto, Japan) and Superose 6 (GE Healthcare Japan, Tokyo, Japan). Antisera to the purified Vn were raised in New Zealand white rabbits by intradermal injections of the antigen emulsified in equal volume of Freund's complete adjuvant. Four boosters of 2 ml of the emulsion were injected subcutaneously into sites along the backs of the rabbits at intervals of 1 week. The blood was collected from the ear vein 1 week after the third booster. An immunoglobulin fraction of the antisera was prepared by precipitation with ammonium sulfate at 40% saturation. The precipitate was dissolved in 0.01 M phosphate buffer (pH 7.0) containing 0.15 M NaCl (PBS) and dialyzed to the same buffer.
Immunohistochemistry
Deparaffinized sections were treated with 0.2% I 2 /0.3% KI in 70% ethanol for 10 min followed by rinse in 0.25% sodium thiosulfate to remove precipitates derived from the fixative. After washing with water, the sections were soaked in 3% H 2 O 2 in methanol for 15 min to eliminate endogenous peroxidase activity, incubated with 3% normal goat serum (NGS, S-1000, Vector Laboratories, CA, USA) in PBS for 1 h and with anti-Vn antibody [1:4,000 dilution with 3% NGS in CanGet Signal Solution B (NKB-601, Toyobo, Osaka, Japan)] for 1 h. The sections were washed with PBS and incubated with a second antibody [Histofine simple stain MAX-PO (MULTI), 424152, Nichirei Biosciences, Tokyo, Japan] for 1 h. After another three washes, the sections were treated with a substrate solution (Histofine simple stain DAB solution, 415171, Nichirei Biosciences) for about 90 s to visualize the signal, washed with water, and counter-stained with Mayer's hematoxylin for 10 s. Normal rabbit serum was used as a control. The sections stained with Mayer's hematoxylin and eosin were also prepared for observations on the structure of the abalone gonads.
In situ hybridization Digoxigenin (DIG)-labeled sense and antisense RNA probes for the abalone Vtg were prepared as described in Matsumoto et al. [10] . Deparaffinized sections were treated with proteinase K (10 lg/ml in 0.1% Tween 20/PBS, No 9033, Takara Bio, Shiga, Japan) at 37°C for 15 min, fixed with 4% paraformaldehyde (162-16065, Wako, Osaka, Japan) in PBS. Then the sections were preincubated at 42°C for 30 min in a prehybridization buffer [50% formamide, 29 SSC (0.3 M NaCl, 0.33 M trisodium citrate dehydrate, pH 7.0)] and incubated at the same temperature for 20 h in a hybridization buffer [ISHR7, NipponGene, Tokyo, Japan (50% formamide, 29 SSC, 1 lg/ll tRNA, 1 lg/ll salmon sperm DNA, 1 lg/ll BSA, 10% dextransulfate)] containing DIG-labeled antisense probe at 1 lg/ll. Consecutive tissue sections were stained with DIG-labeled sense probe as a negative control. After the hybridization, the sections were washed with 50% formamide in 29 SSC, 29 SSC, and 0.29 SSC. Every washing step was conducted twice at 42°C for 30 min. 
Results
Gonads of the 18-month-old females contained oocytes in various stages of development up to the secondary yolk globule stage. Oocytes attach to trabeculae with their stalks, and ovarian follicle cells were located adjacent to or near the stalk of the oocytes (Fig. 1) . Anti-Vn antibody clearly recognized yolk granules of the oocytes at various stages of yolk accumulation. Ovarian follicle cells adjacent to or near a stalk of the oocytes with yolk granules were also stained positively (Fig. 2a, b) . In situ hybridization with an antisense RNA probe for the abalone Vtg mRNA showed positive signals in the follicle cells showing positive reactions to the anti-Vn antibody (Fig. 2c, d ). These results indicate that the abalone Vtg gene is transcribed and translated in the follicle cells.
During oocyte development, shapes of the ovarian follicle cells and their reactivity to the anti-Vn antibody changed greatly. The follicle cells associated with the chromatin nucleolus stage (Fig. 3a) or oil droplet stage oocytes (Fig. 3b) were discernible as their nuclei were strongly stained with hematoxylin. The cytoplasm of the follicle cells was minimal, and the positive reaction with the anti-Vn antibody could not be recognized (Fig. 3a, b) .
Yolk granules in the cytoplasm of the primary yolk globule stage oocytes were clearly stained with the anti-Vn antibody, and the follicle cells adjacent to the primary yolk globule stage oocytes showed structural changes from the previous stage (Fig. 3c) . The nucleus became round (4-5 lm in diameter), and chromatin stained with hematoxylin was recognizable in the nucleus. The amount of the cytoplasm increased a little, and the positive reactions with the antibody started to appear in the follicle cells (Fig. 3c) . The positive reactions were still difficult to recognize in the follicle cells associated with the oocytes at the beginning of this stage (FC2 in Fig. 3e ), but the reactions became obvious in accordance with the progress of the yolk accumulation (Fig. 3c) . The yolk granules in the oocytes were observed mostly in the stalk especially at the early phase of this stage (Fig. 3c, d ).
For the secondary yolk globule stage oocytes, the yolk granules scattered in the cytoplasm among oil droplets were stained positively with the anti-Vn antibody (Fig. 3d-f) . The follicle cells located at the stalk of the oocyte became columnar, and a part of the cytoplasm was strongly stained with the anti-Vn antibody (Fig. 3d) . The nucleus of the follicle cell was located mostly on the apical side, and the positive reaction to the antibody was found on the basal side. The follicle cells associated with the primary and secondary yolk globule stage oocytes were observed to form a monolayer around the stalk of the oocyte (Fig. 3d, e) . The surfaces of the secondary yolk globule stage oocytes that were not a part of the stalk were covered with a jelly coat, 4-8 lm in thickness (Fig. 3d, e) , and ovarian follicle cells covering the jelly coat were not recognizable. Positive reactions with anti-Vn antibody were not detected in the jelly coat (Fig. 3d-f) .
The gonad of the large female (95 mm SL) contained many secondary yolk globule stage oocytes, and the oocyte growth proceeded more synchronously compared with the 18-month-old females. The ovarian follicle cells associated with fully developed oocytes were often very flat and elongated lying between a trabecula and the developed oocytes. The cytoplasm of the follicle cells was recognized to be stained positively with the anti-Vn antibody (Fig. 3f) .
In the developing ovaries of the 18-month-old abalones, oocytes in the early stages of development could be observed together with oocytes in more advanced stages of development. In such parts of the ovary, follicle cells of different shapes and different reactivity to the antibody were observed very close to each other, and their Fish Sci (2011) 77:191-197 193 histological characteristics were closely related to the stages of the oocytes (Fig. 3e) . For example, when a secondary yolk globule stage oocyte and an oil droplet stage oocyte were located adjacent to each other, the follicle cells associated with the secondary yolk globule stage oocyte were columnar with strong reactivity to the antibody (FC3 in Fig. 3e ). In contrast, however, the follicle cells associated with the oil droplet stage oocyte were squamous with a nucleus strongly stained with hematoxylin, and the cytoplasm showed no reaction to the antibody (FC1 in Fig. 3e) . The follicle cells associating the oocyte at the beginning of the primary yolk globule stage showed the intermediate state. They possessed round nuclei with chromatin, but the positive reactions with the antibody were still difficult to recognize in the cytoplasm (FC2 in Fig. 3e ).
Discussion
The present results clearly showed positive reactions of ovarian follicle cells associated with growing oocytes to anti-Vn antibody in H. discus hannai. Positive reactions of the follicle cells were observed both in 18-month-old females and a mature female of 95 mm in SL. In the pulmonates Lymnaea stagnalis and Biomphalaria glabrata, absorption of materials from degenerating oocytes by follicle cells is reported [17] . However, in the present study using Ezo abalone, positive signals with anti-Vn antibody and with the antisense Vtg probe were detected simultaneously in the follicle cells. This result shows that the immunoreactivity of the follicle cells does not result from re-absorption of Vn released from degenerating oocytes. These and previous results [10] indicate that transcription and translation of the Vtg gene occur in the ovarian follicle cells in H. discus hannai. Although the antibody used in this study was produced against the purified abalone Vn, there remains a possibility that the anti-Vn antibody also recognizes Vtg as reported in other cases [18] . Therefore, the antigen(s) immunoreactive to anti-Vn antibody will be described as Vn/Vtg hereafter. In H. rufescens and H. asinina, the presence of squamous follicle cells covering the oocytes at the outside margin of the jelly coat (peripheral follicle cells in H. asinina) has been reported based on the observations by electron microscope [19, 20] . In the present study, peripheral follicle cells were not discernible and only the ovarian follicle cells at the basal part of the oocyte (basal follicle cells in H. asinina) were clearly observed. The peripheral follicle cells may also be present in H. discus hannai, but their contribution to vitellogenesis must be low since positive reactions with the anti-Vn antibody were not detected in the jelly coat.
The abalone Vn/Vtg is not detectable in the hemolymph of mature females [4] . This implies that the Vn/Vtg synthesized in the follicle cells is not transported to oocytes via the hemolymph but through the extracellular space between oocytes and associated follicle cells. In the present study, yolk granules started to appear mostly in the stalk part of the oocytes in the early phase of the primary yolk globule stage. The follicle cells around the stalk of these oocytes were positively stained with anti-Vn antibody. These observations imply that the Vn/Vtg produced in the follicle cells is locally transported to the oocytes through the extracellular space around the oocyte stalk. In the cephalopod Loligo pealei, the follicle cell layer surrounding oocytes develops into a follicular syncytium which folds and penetrates into the cytoplasm of the oocytes at the vitellogenic stage [21] . Yolk protein is synthesized in the follicular syncytium and transported into the oocytes through the extracellular space between these two cell types [22] . A similar mechanism of yolk protein transport can be supposed in H. discus hannai.
In the ovaries of the 18-month-old abalones, oocytes at various stages of development were observed close to each other. Follicle cells formed a monolayer around the stalk of each oocyte, and the morphological characteristics of the follicle cells including the reactivity to the anti-Vn antibody were closely related to the stage of the oocyte. This result suggests functional interactions between oocytes and follicle cells in the processes of Vn synthesis and accumulation. In mollusks, Vn synthesis and accumulation are supposed to be controlled by a hormonal substance, such as estrogen in bivalves [23, 24] , dorsal body hormone in pulmonates [25] , and optic gland gonadotropin in cephalopods [26] . In addition to these hormonal controls, the present observations on the differences in vitellogenic activities in follicle cells imply that as yet undetermined interactions between oocytes and the associated follicle cells might be involved in the control mechanisms of the Vn synthesis in mollusks. For example, the responsiveness of follicle cells to a hormonal factor for Vn/Vtg synthesis might develop through interactions with the adjacent oocyte at the oil droplet stage. Such mechanisms might be necessary for the occurrence of Vn/Vtg synthesis in the follicle cells in concert with the development of the adjacent oocyte.
